The electrical performance of doped semiconducting polymers is strongly governed by processing methods and underlying thin-film microstructure. We report on the influence of different doping methods (solution versus vapor) on the thermoelectric power factor (PF) of PBTTT molecularly p-doped with F n TCNQ (n = 2 or 4). The vapor-doped films have more than two orders of magnitude higher electronic conductivity (s) relative to solution-doped films. On the basis of resonant soft x-ray scattering, vapor-doped samples are shown to have a large orientational correlation length (OCL) (that is, length scale of aligned backbones) that correlates to a high apparent charge carrier mobility (m). The Seebeck coefficient (a) is largely independent of OCL. This reveals that, unlike s, leveraging strategies to improve m have a smaller impact on a. Our best-performing sample with the largest OCL, vapor-doped PBTTT: F 4 TCNQ thin film, has a s of 670 S/cm and an a of 42 mV/K, which translates to a large PF of 120 mW m
INTRODUCTION
Controlling the electrical doping of organic semiconductors is critical to the performance of organic electronic devices (1) . Doped semiconducting polymers can serve as conductive interlayers for organic light-emitting diodes (OLEDs) (2) and solar cells (2, 3) and can improve the performance of organic thin-film transistors (OTFTs) (4) . One emerging application of doped semiconducting polymers involves organic thermoelectrics-materials that interconvert heat and electricity (5) (6) (7) . The solution processability of semiconducting polymers provides the opportunity to use roll-to-roll processing and printing technologies for new classes of thermoelectric modules where the legs are thin films in rolled or corrugated designs (8) (9) (10) (11) (12) (13) . To realize the potential of semiconducting polymers for thermoelectrics, however, the relationship between processing and the resulting thermoelectric properties must be better understood.
All of the physical properties of a material that define its thermoelectric performance depend on carrier density (n), including electrical conductivity (s), Seebeck coefficient (or thermopower) (a), and thermal conductivity (k) (14) . The thermal-to-electrical energy conversion efficiency is related to the dimensionless figure of merit, ZT = a 2 sT/k, where T is the temperature in Kelvin and a 2 s is the power factor (PF). Optimizing ZT is quite challenging because as n increases, s and k increase while a decreases (14) . Organic semiconductors frequently have imperfect ordering in thin films, leading to an electronic structure that depends strongly on their morphology (15) . Because processing methods widely vary in many studies of thermoelectric performance, it is difficult to form clear connections between morphology and thermoelectric performance (7) .
Here, we elucidate the connection between thin-film microstructure and thermoelectric transport properties (s and a) of p-doped poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno [3,2-b] thiophene) (PBTTT). We focus on p-doping with organic acceptors [2,3,5,6-tetrafluoro-7,7,8,8 -tetracyanoquinodimethane (F 4 TCNQ) and 2,5-difluoro-7,7,8,8-tetracyanoquinodimethane (F 2 TCNQ)] introduced either in solution or from the vapor phase (Fig. 1) . The results of our experiments demonstrate how different processing and doping methods affect the thermoelectric PF. In particular, we find that alignment of ordered domains is the critical factor leading to higher s without lowering a, thereby leading to enhancements in the PF. Using these methods, we have found a PF of 120 mW m −1 K −2 for PBTTT: F 4 TCNQ, which is among the highest reported values for semiconducting polymers (7) .
The s value of semiconducting polymers is related to the product of the carrier concentration (n) and carrier mobility (m). However, because of electronic disorder, the apparent m of a material will depend on n because of the occupancy of electronic states with varying mobility (16) (17) (18) (19) . Through advances in molecular design and processing, solution-processable semiconducting polymers, such as PBTTT, have high charge carrier mobilities (m > 1 cm 2 /V s) in field-effect transistors (20) . These studies have revealed that the degree of electronic and structural disorder strongly influences m (21, 22) . In field-effect measurements, conduction occurs very close (withiñ 1 nm) to the polymer-dielectric interface. The microstructure is generally described as (para)crystalline p-stacked domains interconnected by tie chains (21) . Electrically doped films may require high concentrations of dopant in the bulk (for example, >1 dopant per 10 monomers), which lead to strong perturbations of the morphology and structure relative to pristine films. Whether processing methods that lead to high field-effect m also lead to high-bulk s has not been well studied.
The ability to tune the electronic structure of small-molecule organic acceptors (23) has resulted in versatile p-type dopants for semiconducting polymers (16, (24) (25) (26) . Electron acceptors have been traditionally co-deposited with molecular organic donors to generate organic charge transfer salts and metals (27) (28) (29) . Mixing an organic acceptor into a polymer leads to an integer charge transfer if the offset between HOMO (highest occupied molecular orbital) [ionization energy (IE)] of the polymer and LUMO (lowest unoccupied molecular orbital) [electron affinity (EA)] of the acceptor is sufficient to provide a thermodynamic driving force for electron transfer (Fig. 1 ) (16, (30) (31) (32) .
How a dopant is incorporated into a semiconducting polymer is critical in dictating the resulting charge transport properties (33) (34) (35) (36) (37) . Achieving high s (>10 S/cm) requires relatively high charge carrier concentrations (>10 19 /cm 3 ) due to the observed superlinear increase in conductivity in many materials (16, 30) . If a dopant is added to the casting solution, this concentration requires as much as 10 weight % (wt %) relative to the monomer in the solution, which can be difficult because of solubility limits of neutral organic acceptors (26) . Although chain aggregation appears to aid in efficient charge transfer in some cases (32) , highly charged polymers can gel or precipitate from solution (38) . Consequently, one must take great care in determining optimal casting concentrations and temperatures that lead to macroscopically homogenous films (35, 38) . Alternatively, first casting a neat film from solution and then subsequently doping has emerged as a versatile route to yield macroscopic homogenous films with high s (33, (35) (36) (37) . For example, depositing a thin layer of organic acceptor from the vapor phase can lead to diffusion of the dopant into the organic semiconductor (37, 39) and solid-state charge transfer to generate highly conductive films (37) . Recently, it has been shown that doping spincoated neat thiophene-based polymers either from the vapor phase (33, 37) or through sequential solution casting (35, 36) can lead to higher s relative to films cast from a polymer/dopant solution. For example, vapor doping a predeposited PBTTT with F 4 TCNQ results in a s of~250 S/cm, which is nearly two orders of magnitude higher relative to a solution-doped film with a similar concentration of F 4 TCNQ (37). The general explanation for the enhancement in s is related to an overall better macroscopic film quality establishing the underlying microstructure for more efficient charge transport (35) (36) (37) . Although these explanations describe enhancement in s, it is unclear how more efficient charge transport influences the overall thermoelectric properties of semiconducting polymers.
Here, we examine how morphology affects the bulk s and a of PBTTT. PBTTT is a solution-processable polymer, where the fieldeffect mobility, crystal structure, and morphology have been well characterized for neat films (40) (41) (42) (43) (44) (45) , providing a strong foundation to study how molecular doping influences the morphology and charge transport. In addition, PBTTT has an accessible liquid crystalline transition temperature above~140°C, which permits thermal processing to enhance local and long-range order (40) (41) (42) . Using PBTTT and other thiophene-based polymers, we have previously discovered an empirical connection between electrical conductivity and thermopower across a range of doping methods (33, 34) . This broad correlation has been modeled as a result of the electronic density of states (DOS) and energy-dependent mobility, but the connection with morphology has not been made clear. Here, we use PBTTT as a model system to demonstrate how the correlation of alignment in ordered domains at the nanoscale dominates the resulting s at high n. These results suggest a pathway to increase the thermoelectric PF of semiconducting polymers.
RESULTS AND DISCUSSION
Processing doped films of PBTTT We prepared highly conductive thin films of PBTTT using different processing methods, with the dopant added in solution or infiltrated from the vapor phase (Fig. 1) . A detailed procedure can be found in Materials and Methods, and we outline the critical differences here. We specifically focused on the limit of high doping to determine the connection between morphology and thermoelectric transport properties. For solution doping, 10 wt % of F 4 TCNQ relative to PBTTT [molar ratio (MR) of~1 dopant to 4 monomers] was added to a solution of PBTTT. We have previously found that this composition is near the maximum possible to readily form continuous thin films during spin casting (38) . The solution was spin-coated to obtain a doped thin film in a N 2 environment and annealed at 150°C for 10 min to remove the solvent. These conditions were used to minimize weight loss of F 4 TCNQ from the film (38) while also being above the liquid crystalline (LC) transition temperature of the neat polymer. The same processing conditions were used with solution-doped samples, where the dopant was F 2 TCNQ. The typical thicknesses of solutiondoped films were 40 to 50 nm. To form films doped by infiltration of F 4 TCNQ and F 2 TCNQ from the vapor phase, we exposed spin-coated films of PBTTT (21 ± 4 nm) prepared using different thermal treatments to the vapor of each compound. In a N 2 -filled glove box, we deposited the dopants by placing the samples underneath the lid of a sealed jar containing a few milligrams of dopant. The bottom of the jar was heated to~210°C, which led to a rise in temperature of the substrate, which was located underneath the lid for the jar, to 75°to 85°C. These temperatures are below the LC transition of PBTTT and are known not to cause substantial changes in the structural order and charge mobility in OTFTs (41) . The samples were exposed to the vapor for 10 min, which was sufficient to reach concentrations of F 4 TCNQ in PBTTT films comparable to the solution-doped films.
Changes in processing increase electrical conductivity Efficient charge transfer occurs between PBTTT and F 4 TCNQ using both vapor-and solution-based doping. Ultraviolet-visible nearinfrared (UV-vis-NIR) spectroscopy shows that neat poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno [3,2-b] thiophene) (PBTTT-C 14 ) thin film has a main absorption peak at ∼2.2 eV and a shoulder at ∼2.1 eV that is bleached upon doping. New absorption peaks appear at 1.41 and 1.60 eV upon introduction of F 4 TCNQ and are assigned to its anion radical (16, 25, 37) . The spectral features for the F 4 TCNQ radical anion absorption are similar to those in poly(3-hexylthiophene) (P3HT):F 4 TCNQ films and have comparable absorptivity for heavily doped films (35) . A subband gap transition for positive polarons of PBTTT is observed at ∼0.5 eV ( fig. S2) , but the precise position of polaronic features between 1 and 2 eV is difficult to assign because of the strong absorption peaks of the F 4 TCNQ anion radical. We observe no significant differences between UV-vis-NIR spectra between vapor-doped as-cast and annealed films, indicating that the annealing step does not change the concentration of F 4 TCNQ in the film ( fig. S3 ). A comparison of the main absorption of PBTTT (∼2.2 eV) for the vapor-doped film relative to the solution-doped film reveals more bleaching in the former (a factor of 0.78 lower peak area) and also a slightly higher absorbance of F 4 TCNQ radical anion. This lower peak area translates to a slightly higher MR of 0.3 relative to the MR of 0.25 in the solution-doped film (37) . Strikingly large differences in s are found between vapor-and solution-doped samples despite this small difference in MR of the dopant. Electrical conductivity measurements (Table 1) indicate 65 times higher s for the vapor-doped PBTTT:F 4 TCNQ annealed film (s = 220 ± 0.02 S/cm) relative to the solution-doped PBTTT: F 4 TCNQ annealed film (s of 3.51 ± 0.05 S/cm). We observe a similar trend in as-cast films, where s = 114.1 ± 0.5 S/cm for the vapordoped film and s = 2.08 ± 0.01 S/cm for the solution-doped film. Knowing that both doping methods yield comparable carrier concentrations, the large difference in s must be related to the apparent m, which is calculated to be~2.5 and~0.040 cm 2 /V s for the vapordoped annealed film and the solution-doped annealed film, respectively (assuming F 4 TCNQ is fully ionized and all charges are free carriers). The higher apparent m with vapor-doped films is consistent with Hall effect mobility measurements on vapor-doped PBTTT: F 4 TCNQ, which was revealed to be~2 cm 2 /V s (37) . Two possible factors that can contribute to the difference in apparent m are differences in local energetic disorder or the long-range morphology.
To determine whether the enhancement in s was unique to F 4 TCNQ, we also examined samples doped with F 2 TCNQ. The intermediate fluorination level of F 2 TCNQ results in an EA of ∼4.59 eV (46), which is expected to result in an unfavorable offset for charge transfer with PBTTT (IE, ∼5.10 eV) in isolated materials compared to F 4 TCNQ (EA, ∼5.24 eV). Note that charge transfer is dictated not only by the offset between EA and IE but also by the electrostatic interaction in solids (47) . Although the EA of F 2 TCNQ is lower than the IE of PBTTT-C 14 , integer charge transfer is indicated by the presence of F 2 TCNQ radical anion peaks at 1.43 and 1.62 eV (Fig. 2) . Similar observations have been made for structurally similar weak dopants with P3HT (26) . For both doping methods, PBTTT: F 2 TCNQ as-cast films yield a large decrease in the primary absorption, but only the vapor-doped film has a small red shift. In contrast to F 4 TCNQ, because of the relatively high vapor pressure of F 2 TCNQ, we observe significant dedoping of solution-doped PBTTT:F 2 TCNQ films when thermally annealing at 150°C in N 2 environment ( fig.  S2 ). The MR in the casting solution is~0.28 F 2 TCNQ per monomer of PBTTT, similar to the solution-doped samples with F 4 TCNQ. Doping from vapor allows for a comparison of infiltration into ascast and annealed films. When vapor-doping an annealed PBTTT film with F 2 TCNQ, the primary absorption peak is 30% higher relative to the as-cast doped films. This difference is, in part, from the fact that annealing a neat film results in an increase in primary absorption peak by about 20% (comparison between Fig. 2, A and B) . Despite the small difference in the primary absorption peak, F 2 TCNQ radical anion absorption is comparable between vapor-doped films but slightly less than the solution-doped as-cast film. We attribute the higher absorption of the F 2 TCNQ radical anion in solution-doped films relative to vapor-doped films to the elevated temperature of the sample during vapor deposition. In addition, the absorption curve is quantitatively similar in the NIR regime ( fig. S2 ) for the F 2 TCNQdoped films.
Comparison of the conductivity measurements reveals that the vapor-doped PBTTT:F 2 TCNQ films yield a higher s than solutiondoped films do. The annealed film has a s of 36 ± 3 S/cm, and the as-cast film has a s of 13.7 ± 0.2 S/cm. On the other hand, the solutiondoped as-cast film has the lowest s of 0.41 ± 0.02 S/cm despite the higher concentration of F 2 TCNQ radical anion. The high vapor pressure of F 2 TCNQ does not allow direct comparison of solution and vapor-doped annealed films; it leads to significant dedoping and thus several orders of magnitude lower s of 2 × 10 −3 S/cm. Nevertheless, the fact that the vapor F 2 TCNQ-doped films yield higher s further reiterates that an underlying microstructural feature is at play, which leads to a higher apparent m. Table 1 . Summary of electronic conductivity (s), Seebeck coefficient (a), and PF of doped PBTTT films. For the sample on an OTS-treated substrate, s = 670 ± 4 S/cm, a = 42 ± 6 mV/K, and PF = 120 ± 30 mW m
. All other samples reported in this table are on untreated quartz substrates. Processing does not change crystalline structure in doped films To determine whether the difference in s between vapor-and solutiondoped films correlates to local structural order, we performed grazing incidence wide-angle x-ray scattering (GIWAXS) (Fig. 3) . PBTTT forms semicrystalline films with strong texturing. For neat PBTTT, the out-of-plane scattering features (along the q z axis) correspond to the lamella-stacked side chains (h00). The in-plane scattering features (along the q xy axis) correspond to the (-11-3) reflection at q xy = 14.2 nm
related to the chain axis and the (110) reflection at q xy = 17.1 nm
associated to the p-stacking direction (43) . The scattering pattern does not qualitatively change upon doping; that is, the features are shifted and broadened upon doping, but no new strong scattering features emerge. A significant difference between doped films and the neat film is the significant blurring of the off-axis features at q xy = 14.1 nm
, suggesting disorder along the chain axis, as expected from dopants with disordered molecular orientation.
The out-of-plane scattering features of the two-dimensional (2D) GIWAXS images show changes upon doping in the alkyl side-chain stacking direction (h00) (Fig. 4A ). For all doped films, we observe a small increase relative to the neat d 100 = 2.12 nm (summarized in tables S1 and S2). Because the true out-of-plane scattering is in the inaccessible region in the grazing incidence geometry, we also obtained high-resolution specular x-ray scattering on the vapor-doped PBTTT: F 4 TCNQ annealed films. The specular scattering results indicate that d 100 = 2.37 nm, which is about a 0.25-nm increase relative to the neat film (d 100 = 2.12 nm). In addition, the change in peak width in the (h00) direction reveals the degree of induced disorder along the side-chain stacking direction. As shown in fig. S4 , the introduction of the dopant from the vapor phase introduces additional disorder relative to the neat film, which is consistent with our previous work with PBTTT:F 4 TCNQ solution-doped films (38) . Similar changes are observed for films doped with F 2 TCNQ. The alkyl stacking spacing d 100 increases by ∼0.25 nm in the solution-doped PBTTT:F 2 TCNQ as-cast film, whereas d 100 increases by ∼0.10 nm in the vapor-doped as-cast film and by only ∼0.04 nm in the vapor-doped annealed film. This trend indicates the varying extent of dopant incorporated within the aliphatic side chains, which is consistent with the UV-vis spectra showing a slightly smaller concentration of the F 2 TCNQ radical anion in vapor-doped films.
The in-plane scattering profiles along the q xy axis of the 2D GIWAXS images ( (Fig. 2) . We have previously shown that TCNQ, which does not result in an integer charge transfer with PBTTT due to the large offset between EA and IE, causes no measurable changes to the d 110 value relative to the neat film (38) . This result suggested that the presence of ionized polymers and dopants is partly responsible for the decrease in the characteristic d 110 spacing. Overall, the changes to inplane scattering features are quite similar with both doping methods.
Previously, nuclear magnetic resonance (NMR) experiments on bulk samples of PBTTT:F 4 TCNQ cast from solution were carried out to determine the location of F 4 TCNQ relative to the backbone of PBTTT (38) . 2D 13 C{ 1 H} heteronuclear (HETCOR) NMR data demonstrated a very close contact between carbon atoms on the cyano group of F 4 TCNQ and aromatic protons on the PBTTT backbone. This proximity and the calculated geometry for model structures of charge transfer between polymers and F 4 TCNQ from density functional theory suggested that the F 4 TCNQ was intercalated between the polymer backbones (38) . Full structural modeling to compare the NMR and x-ray data was not carried out in the initial study. In contrast, a recent report on vapor-doped PBTTT:F 4 TCNQ films proposed that F 4 TCNQ resides in the side-chain region of PBTTT films, with the rationale that the p-stacking spacing, separation between chains, was unperturbed in their x-ray scattering data (37) . As discussed above, we observe a compression in the p-stacking spacing relative to the neat polymer, as observed in heavily doped PBTTT films with a variety of Fig. 2 . UV-vis spectra of neat and doped PBTTT thin films. UV-vis spectra of (A) neat PBTTT and PBTTT:F 4 TCNQ thin films and (B) PBTTT:F 2 TCNQ thin films. Solutiondoped films are at a dopant concentration of 10 wt %, and vapor-doped films are for dopant exposure of 10 min (all spectra normalized by thickness). Neat PBTTT films were annealed at 180°C, whereas solution-doped films were annealed at 150°C. Comparison of absorption spectra of annealed neat PBTTT and as-cast neat PBTTT can be found in the Supplementary Materials.
dopants (33, 38) and is reversible upon thermal removal of the dopant. Independent of these differences, one can infer that F 4 TCNQ resides in the side chains for vapor-doped samples by a simple consideration. On the basis of the observed out-of-plane scattering (h00), we would expect <11% thickness change upon doping crystalline domains. However, for the structural model where the molecule is intercalated between in-plane p-stacked chains, we would expect a significant expansion of crystallites to compensate for the volume occupied by the dopant molecule, leading to a large in-plane expansion or significant increase in thickness to maintain the lateral size. Starting with a neat film with thickness of 25 ± 3 nm, the vapor doping process leads to a thickness of 27 ± 3 nm, which is comparable to the expected expansion of the crystallites ( fig. S6 ). Because the film thickness does not markedly increase, F 4 TCNQ resides within the aliphatic side chains (assuming a high degree of crystallinity, which is known for PBTTT). At this point, we cannot reconcile these data with the previous NMR data without detailed modeling of the spectra, which is beyond the scope of the work here. However, it is possible that the structure of the doped films has tilted PBTTT chains that allow a closer contact with the cyano groups of F 4 TCNQ; such a change in tilt occurs in cocrystals of PBTTT and [6, 6] -phenyl C61 butyric acid methyl ester (PCBM) (48) .
Correlation of domain orientation controls the electrical conductivity Small perturbations in the local structure observed by GIWAXS are similar for both solution doping and vapor doping methods and do not explain the differences in s. Our conclusion is in contrast to the explanation of Kang et al. (37) , where they attributed the higher s only to minimal perturbation to local order. However, it is important to remember that GIWAXS only provides structural information for short-range crystalline domains (5 to 20 nm). For larger length scales, we require a small-angle scattering method. Here, we use polarized resonant soft x-ray scattering (RSoXS) that can reveal the length scale of molecular orientation in both the crystalline and amorphous domains over the range from~10 to 1000 nm (42) .
RSoXS leverages soft x-ray absorption to increase the scattering length and to control the scattering contrast (42, 49) . In p-conjugated molecules, the transition dipole moment (TDM) for the excitation of a core electron to an unoccupied p-orbital is orthogonal to the p-conjugated plane of the molecule (50) . By using a linearly polarized soft x-ray with the electric field vector in the plane of the film and tuning the photon energy to the C 1s to p* resonance (285.4 eV for PBTTT), scattering contrast arises from the variations in molecular orientation. For PBTTT thin films, strong resonant scattering is expected in transmission mode because the p-stacking orientation is primarily in the plane of the film (that is, TDM of the 1s to p* resonance is in the plane of film). Using RSoXS measurements, we can quantify the backbone alignment through the orientational correlation length (OCL). The OCL is defined as the average length over which the polymeric backbones (that is, the LC director) drift out of alignment with each other. The OCL was shown to have an empirical exponential relationship with field-effect m values, providing the first direct evidence that orientational alignment of polymer backbones is the key factor influencing the performance of OTFTs (42) .
We prepared samples to mimic, or replicate, films used for measurements of electrical conductivity. 2D RSoXS patterns were measured by transmission through polymer thin films spin-coated on top of untreated silicon nitride windows. We assume minimal difference in morphology when comparing films on silicon nitride windows and untreated quartz substrate used for conductivity measurements. On the other hand, vapor-doped PBTTT films on octadecyltrichlorosilane (OTS)-treated substrates were floated onto silicon nitride windows. All the scattering images showed a diffuse isotropic ring ( fig. S7 ) that was azimuthally averaged to obtain a 1D scattering profile [intensity (I) versus q] (Fig. 5) . The OCL is one-half of the characteristic length scale (d* = 2p/q*) obtained from the primary scattering peak (q*) of the Lorentz-corrected (I*q 2 ) scattering profile. The peak position was determined from fits using log-normal function. For equivalent annealing times (10 min), the OCL of neat PBTTT is sensitive to the annealing temperature above the LC transition. The OCL is ∼140 and ∼180 nm when annealed at 150°and 180°C, respectively (fig .  S8 and table S3 ). Note that neat films were annealed at 180°C, whereas solution-doped films were annealed at 150°C to minimize dedoping of F 4 TCNQ.
Doped films with the higher values of the OCL correlate to higher s and, thus, higher apparent m because of the comparable level of doping. The OCL of doped films of PBTTT depends strongly on the processing method (Fig. 5 and table S3 ). F 4 TCNQ vapor-doped annealed films have an OCL of ∼220 nm, whereas the OCL for an annealed doped film cast from solution is ∼44 nm. The vapor-doped film and neat annealed PBTTT films have relatively similar OCLs. Annealed films vapor-doped with F 2 TCNQ have an OCL of~210 nm, suggesting that the introduction of the molecular dopant does not have a large impact on the OCL. The OCL of ∼100 nm of solution-doped PBTTT:F 2 TCNQ films after thermal annealing at 150°C for 10 min approaches the OCL of a neat film annealed at 150°C (OCL,~140 nm) likely due to dedoping, which allows the morphology to change. Therefore, we assert that the improved orientational alignment of the backbone leads to a higher m in vapor-doped films, similar to previous observations for OTFTs.
The trends in the OCL for as-cast doped films further confirm the significant role of backbone alignment in controlling s. The OCL of an as-cast neat film is ∼70 nm, whereas that of the as-cast film from the PBTTT:F 4 TCNQ solution is ∼40 nm. This difference indicates that doping in solution slightly reduces the OCL relative to a neat film before annealing. Moreover, the OCL observed for as-cast films is essentially identical to the annealed solution-doped film (OCL, ∼44 nm). This similarity shows that annealing a heavily doped film has no effect on enhancing the backbone alignment, and confirms why the s of as-cast and annealed solution-doped films is nearly identical. The fact that the OCL does not increase with annealing a solution-doped film is not surprising because the PBTTT is now heavily charged, which shifts the LC transition temperature to higher values and thus does not enter an LC mesophase when annealing at 150°C. Attempts to anneal the films at higher temperatures result in significant dedoping (38) . For as-cast F 2 TCNQ solution-doped films, we observe a qualitatively different scattering profile relative to the as-cast neat and F 4 TCNQ-doped films. The scattering peaks are broader where the primary peak is at a lower q ∼ 0.03 nm −1 (OCL, ∼130 nm). This suggests that aggregation of PBTTT in solution, which dictates the as-cast thin film morphology, is different when using a weak molecular dopant like F 2 TCNQ. Fig. 4 . Out-of-plane and in-plane scattering profiles of annealed neat and doped PBTTT thin films. GIWAXS line cuts of (A) out-of-plane scattering and (B) in-plane scattering. Black, neat; orange, F 4 TCNQ solution doping; purple, F 4 TCNQ vapor doping; green, F 2 TCNQ solution doping; blue, F 2 TCNQ vapor doping. The F 2 TCNQ-doped film corresponds to as-cast conditions. Dashed red lines are guides to the eye relative to the peak positions for the neat film. All scattering profiles correspond to thermally annealed films, except for the F 2 TCNQ solution doping, which is for the as-cast case. a.u., arbitrary units.
When vapor-doping an as-cast film, we observe a qualitatively different scattering profile relative to the as-cast neat film. Essentially, two broad scattering peaks are seen around q ∼ 0.04 nm −1 (OCL,~130 nm), and another is seen at the experimental low q limit (<0.01 nm
−1
). We see a similar effect for a F 2 TCNQ vapor-doped film, where we see a peak around q ∼ 0.05 nm −1 (OCL, ∼60 nm) and another at experimental low q limit. The second scattering peak corresponds to an OCL that is larger than that of an as-cast neat film. The larger correlated domains provide better charge transport, leading to the high s = 114.1 ± 0.5 S/cm for F 4 TCNQ vapor-doped as-cast films and s = 13.7 ± 0.2 S/cm for F 2 TCNQ vapor-doped as-cast films. We can rule out that this change is due to a thermal annealing process; the sample underneath the lid is calibrated to be approximately 85°C, which is well below the LC transition temperature and has no effect on the OCL ( fig. S8 and table S3 ).
Increasing electrical conductivity through processing
Comparison of s and the OCL reveals that long backbone correlation lengths allow for more efficient charge transport. It has been previously shown that the OCL of PBTTT can be controlled depending on the polarity of the substrate surface (42) . In particular, substrates functionalized with a nonpolar monolayer of OTS lead to the largest OCL of ∼380 nm for an annealed neat PBTTT thin film (42) . Vapor-doping a PBTTT thin film annealed on an OTS-functionalized substrate with F 4 TCNQ yielded a s of 670 ± 4 S/cm. This s is a factor of ∼3 higher value than the vapor-doped film on a bare substrate. The corresponding OCL is also higher at ∼350 nm (versus 210 nm for the doped film on a bare substrate). UV-vis-NIR absorption measurements ( fig. S3 ) confirm that the doping level is similar for both cases. Therefore, the increase in s is entirely from a higher apparent m and reiterates the significance of the OCL as a parameter to describe the trends in s.
A significant assumption in previous work on the relationship between the m from OTFTs and the OCL was that the OCL, a bulk property, correlates to an interface-dominated charge transport measurement. Here, we can eliminate that assumption because s is a bulk transport property, and conclusively show the correlation between OCL and s and, thus, apparent m. To determine the sensitivity of s to the OCL, we plot log(s) versus OCL for various doped films in Fig. 6A . The increase in s is most significant at lower OCL values and then approaches a plateau at higher OCL values. The data points in Fig. 6A are at comparable doping levels with respect to F 4 TCNQ samples, thus indicating that the apparent m is the parameter increasing with OCL. The correlation of the interfacial mobility from OTFTs and that from the bulk conductivity likely holds in PBTTT because GIWAXS typically shows highly oriented crystallites with a thickness equivalent to the total film. In materials where the interfacial and bulk structures are dissimilar, we might not expect such a relationship to hold.
Extrapolation of s to higher OCL values using Fig. 6A provides valuable information on the limits of electrical performance. The chain alignment process effectively increases the OCL, where an infinite OCL corresponds to perfect alignment. When approaching the limit of an infinite OCL, one would expect s to plateau as the net increase in m becomes smaller (51) . For comparison, the mobility in OTFTs of PBTTT thin films prepared on an OTS-treated substrate and subsequently strained aligned has been measured (52) . The alignment process resulted in a factor of~2 increase in m according to field-effect transistor measurements (52) . This observation suggests that s could increase to~1300 S/cm relative to our highest-performing PBTTT: F 4 TCNQ vapor-doped film if the bulk and interfacial mobilities remain correlated.
The determination of the connection between the OCL and s shows the significance of processing on the transport properties of doped semiconducting polymers. Although the vapor doping process yields the highest values of s here, the vapor doping process with F 4 TCNQ is not the only method to achieve high s. In our previous work, doping annealed films of PBTTT through exposure to a vapor of a fluorinated trichlorosilane (FTS) or immersion in a 4-ethylbenzene sulfonic acid solution yielded s of around 1000 S. The likely origin is that the OCL was set before doping and not substantially perturbed by the doping process. It is difficult to directly compare the conductivities of the two studies because of the question of the carrier concentration with different dopants. One can also imagine achieving high s when casting films from a polymer/dopant solution if the processing steps lead to a solid-state thin film with a large OCL.
Comparison to previous work reported in the literature further reiterates the critical role of controlling the morphology to achieve efficient charge transport. Sequential doping of P3HT with F 4 TCNQ results in films with higher s relative to solution-doped films (35) , which is driven by improved interconnectivity between ordered p-stacked domains (36) . Sequentially doping P3HT with F 4 TCNQ in nonpolar solvents yields a larger 5 to 10 factor increase in s (36). These films also have good interconnectivity, but phase segregation of dopants in the disordered domains was suggested as the reason for the higher s. Other factors such as the molecular structure of the dopant and its solubility in the polymer can also influence morphology and thus s (26) . Polar side chains on polymers have been found to increase the thermal stability of F 4 TCNQ-doped films, which is particularly useful for thermoelectric energy conversion (53) . The environmental stability of F 4 TCNQ in thiophene-based polymers is a concern due to photochemical reactions, which will require investigation into appropriate encapsulation for devices (53) (54) (55) .
Role of morphology on Seebeck coefficient and PF
Although the impact of the orientation of domains on s is relatively straightforward to understand, the impact on a is less clear. Unlike s, which describes the transport of charge carriers relative to an electric field, a describes the migration of charge carriers relative to temperature gradient at the open circuit condition. This is quantified by measuring the voltage drop (DV) relative to temperature difference (DT). Fundamentally, a is related to the population in the electronic DOSs of a material and carrier scattering processes. The expression for the thermopower as a function of electronic conductivity function s(E) is given as
where E F is the Fermi energy, s is the total conductivity, f(E) is the Fermi function, and k B /e is a natural unit of thermopower of 86.17 mV/K (56). As the semiconductor is p-doped, the Fermi level shifts closer to the valence band, which results in a decrease in the value of a. The introduction of a molecular dopant into a polymer will also modify the local structure and morphology, making it difficult to model the thermoelectric properties with a constant electronic DOS. There have been significant efforts to model the thermoelectric properties of polymers (56) (57) (58) , but these models do not, as yet, consider morphology. The overall thermoelectric properties of PBTTT depend strongly on processing methods (Table 1) . For example, a = 60 ± 9 and PF = 1.3 ± 0.4 mW m −1 K −2 for the solution-doped annealed film of PBTTT:F 4 TCNQ, whereas annealing followed by vapor infiltration of F 4 TCNQ leads to a = 39 ± 5 mV/K and PF = 32 ± 9 mW m −1 K −2 (Table 1) . Despite the lower a, PF is higher for vapor-doped films due to the nearly 100-fold increase in s. The difference in a with vapor doping can be attributed, in part, to the slightly higher concentration of F 4 TCNQ based on the UV-vis spectra, but the morphology of these two films is also quite different. Furthermore, a = 42 ± 6 mV/K for the F 4 TCNQ vapor-doped film on an OTS-treated substrate, which indicates that a is less sensitive to the substrate treatment than (table S3) .
s. However, the near factor of 3 increase in s results in the high PF of 120 ± 30 mW m
. With F 2 TCNQ as the dopant, we observe a values of 111.7 ± 0.1 mV/K for the as-cast solution-doped film, 130 ± 20 mV/K for the vapor-doped as-cast film, and 140 ± 20 mV/K for the vapor-doped annealed film (Table 1 ). The higher a relative to F 4 TCNQ is not surprising because of the likely lower concentration of F 2 TCNQ in the film and potentially lower efficiency of carrier formation. The F 2 TCNQ vapor-doped annealed film yields the highest a, consistent with the slightly lower doping efficiency, as indicated by UV-vis (Fig. 2) . Owing to the high s of 36 ± 3 S/cm, the corresponding PF is 70 ± 20 mW m −1 K −2 . Despite the lower s relative to the F 4 TCNQ vapor-doped film on a bare quartz substrate, the PF is greater because of the large a value. This shows the importance of tuning a while not significantly sacrificing s.
Comparison of a to the corresponding OCL reveals that, unlike s, the value of a does not show marked changes (Fig. 6B) . For F 4 TCNQdoped samples, a is in the range of 30 to 60 mV/K for the full OCL window. In addition, the F 2 TCNQ samples are essentially the same (~130 mV/K) at different OCL values. There appears to be a small upward trend for vapor-doped samples, but overall a is less sensitive to polymer chain alignment. Some recent work on the anisotropy of s and a on PEDOT:PSS [poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)] films (59) and P3HT films (60) also suggests that a is relatively unaffected by polymer chain alignment, and thus, changes in PF with the OCL (Fig. 6C) are dominated by the increase in s. This observation would be expected if the shape of the electronic DOS was relatively constant and the number of carriers was similar, that is, no large change in the Fermi level. Temperature-dependent a and s measurements are needed to fully elucidate the transport mechanism from both doping processes.
Previously, we determined an empirical correlation where a follows a power-law dependence with s (a º s ) for a variety of p-doped thiophenebased polymers. This correlation was primarily determined on solutiondoped films and thermal annealing conditions 150°C or below. In Fig. 7 , we plot the empirical correlations (dashed lines) along with a and PF values reported in this study. The solution-doped samples follow the empirical trends. On the other hand, vapor-doped samples deviate from the empirical trends, where the values are observed to be higher than expected at corresponding s values. The positive deviation of a and PF relative to the empirical trend line is most pronounced for vapordoped PBTTT:F 4 TCNQ and also for both solution-and vapor-doped PBTTT:F 2 TCNQ films. The PF of our highest-performing PBTTT: F 4 TCNQ film is similar to our previous work on PBTTT vapor-doped with an interfacial FTS (green diamond marker in Fig. 7 ) (33) . It has recently been proposed that the power-law relationship is due to a change in the energy-dependent conductivity function of the material [s(E)] (56). The higher PF here would suggest that this function is affected by processing conditions speculated in that work.
Future routes to improve the PF of polymers
Although we have focused only at the limit of high doping level, systematically varying the doping level and the OCL provides a route to optimization of the PF. We can also consider the performance of PEDOT, which has been the benchmark conducting polymer for thermoelectrics (7) . A PF as high as ∼460 mW m −1 K −2 has been reported (61), and s of ∼5000 S/cm has been measured for metallic template polymerized PEDOT doped with sulfuric acid (62). This s is comparable to the performance of polyacetylene (~10 5 S/cm) (63) . A question is whether the higher conductivities of these materials are due to the electronic structure of the conjugated backbone or other factors. In comparison to these materials, the presence of alkyl side chains on semiconducting polymers, such as PBTTT, results in a significant volume of the material being insulating. Accounting for the insulating side chains reveals an effective electronic conductivity (s eff ) of the conjugated core representing densely packed polymer chains (37) . For PBTTT with tetradecyl side chains, the conjugated core accounts for approximately 15% of the volume in a film (determined from the unit cell of PBTTT). The s eff would translate to~4000 S/cm for our highest-performing film. If these structural changes can be achieved without changing the a, the PF could reach values of~500 mW m −1 K −2 at high levels of doping similar to PEDOT. Removal, or shortening, of the side chains of a polymer leads to difficulties in processing, that is, PEDOT is poorly soluble and is cast as a dispersion or directly grown on a substrate. The dopant itself also modifies the volume of the doped material. However, this comparison shows that conjugated backbones other than PEDOT have significant promise if their structure can be judiciously modified to maintain their processability and allow for incorporation of the dopant.
Potential impact of processing on thermal conductivity Our study reveals the potential benefits that local chain alignment can play in further improving PF, but one should also consider the impact on ZT. Changes in the OCL likely modify the thermal conductivity (k) through both the phonon (lattice) contribution (k L ) (64) and, at sufficiently high n and s, the electronic contribution to thermal conductivity (k e ). Note that experimental challenges still remain on the determination of k of thin films and particularly along the in-plane direction (6) . Techniques such as suspended microdevices (65) or the membrane-based ac calorimetry (66) can help to determine the in-plane k. The membrane-based ac calorimetry method revealed an in-plane k of 0.39 W m −1 K −1 for an as-cast neat PBTTT film (1 mm thick) (66) . Films with high s, for example, F 4 TCNQ-doped film at 640 S/cm, could result in a significant contribution from k e . PEDOT:PSS, for example, has a significant contribution from k e at a s of~500 S/cm and higher (67) . Therefore, there may be an optimization process on the extent of alignment and doping level that leads to a minimal increase of k to achieve a high ZT. A potential optimization process can be seen through the example of PBTTT:F 2 TCNQ, which yields lower s of 36 S/cm relative to PBTTT:F 4 TCNQ (220 S/cm) at a comparable OCL value of ∼200 nm (Fig. 5A) . Despite the lower s, the PBTTT:F 2 TCNQ film yields a higher a and thus a larger PF of 70 mW m −1 K −2 relative to the PBTTT:F 4 TCNQ film (PF = 32 mW m
) (Fig. 5 , B and C). As a consequence, the lower s can be leveraged to minimize, in principle, the electronic contributions to k while still being able to achieve a relatively high PF.
Summary
We have explored how solution-and vapor-doping a high-mobility p-type polymer, PBTTT-C 14 , affect its thermoelectric transport properties and its underlying microstructure. Overall, vapor-doping with either F 4 TCNQ or F 2 TCNQ yields higher s relative to solution-doped films. The enhancement in s is not related to the local order because the perturbations to the local structure are minimal and similar with either doping route. We determined using RSoXS that the alignment of ordered domains, quantified through the OCL, is a critical parameter in explaining trends in s. The larger OCL for vapor-doped films allows for efficient charge transport and thus a higher s relative to solutiondoped films, which yield a smaller OCL. Owing to better long-range correlation length of backbones, a F 4 TCNQ vapor-doped PBTTT-C 14 casted on an OTS-treated substrate yields a high s of 670 ± 4 S/cm and corresponding large a of 42 ± 6 mV/K. This translates to a PF of 120 ± 30 mW m
-the highest reported value for F 4 TCNQ-doped semiconducting polymers. In addition, using a weaker molecular dopant like F 2 TCNQ can lead to a large a (140 ± 20 mV/K) while not significantly sacrificing s (36 ± 3 S/cm), and thus yield a large PF of 70 ± 20 mW m −1 K −2 . With a better understanding of processing effects on s and a, we can now outline some general processing guidelines to achieve high thermoelectric PF. First, casting a neat semiconducting polymer film that forms locally p-stacked domains with long-range correlation lengths of the conjugated backbones provides an ideal microstructure for efficient charge transport for high apparent m. Second, introducing the molecular dopant into the polymer film (that is, from the vapor phase) to increase n, and in turn s, should lead to minimal perturbation to the local order while maintaining, or enhancing, the long-range correlation lengths of conjugated backbones. By leveraging the high apparent m and then precisely controlling the dopant concentration, or by choosing a weaker molecular dopant, one can obtain a large a while not significantly sacrificing s. Overall, developing better doping routes and advancing our fundamental understanding of structure-property relationships of semiconducting polymers will have far-reaching implications on the deployment of lightweight and low-cost organic thermoelectric modules for thermal energy conversion and management.
MATERIALS AND METHODS

Materials
Anhydrous chlorobenzene (CB) and o-dichlorobenzene (ODCB) were purchased from Sigma-Aldrich. F 4 TCNQ and F 2 TCNQ were purchased from TCI Chemicals. OTS was purchased from Gelest.
All chemicals were used as received. PBTTT-C 14 was synthesized using literature procedure (68) with a number-average molecular weight (M n ) of 18,000 or 24,000 g/mol.
Neat PBTTT and PBTTT:F n TCNQ (n = 2 or 4) thin-film sample fabrication Neat PBTTT solution preparation Neat PBTTT solutions at 5 mg/ml were prepared by dissolving PBTTT in either CB or 1:1 CB:ODCB and heated to 120°C. Approximately 1 hour was needed to fully dissolved PBTTT. The heated neat PBTTT solution was filtered using 0.45-mm polytetrafluoroethylene (PTFE) syringe filter. The PBTTT solution gels when cooled below 80°C. As a consequence, the neat PBTTT solution was maintained at 120°C before doping or spin coating. Solution doping of PBTTT with F n TCNQ (n = 2 or 4) F n TCNQ (3 wt %; n = 2 or 4) solution was prepared by dissolving the dopant in ODCB and heated to 150°C. To achieve 10 wt % dopant concentration, an aliquot of F n TCNQ solution was added to the neat PBTTT solution and heated to 120°C. After the addition of the dopant, the heated polymer solution became more viscous and immediately transitioned from a red to black color. These changes were indicative of charge transfer between the polymer and dopant in solution. To minimize gelation and precipitation of the charged polymer, the PBTTT:F n TCNQ (n = 2 or 4) solution was maintained at 120°C before spin coating. Substrates Thin films were prepared on quartz substrates (1.5 cm × 1.5 cm; University Wafers) for conductivity and Seebeck measurements, native oxide silicon substrates (1.5 cm × 1.5 cm; International Wafer Services) for GIWAXS experiments, and silicon nitride windows (window size, 1.5 mm × 1.5 mm; window thickness, 100 nm; frame size, 5 mm × 5 mm; thick frame, 200 mm; NX5150C, Norcada Inc.) for RSoXS experiments. The quartz and silicon substrates were cleaned by sonicating first in acetone and then in isopropanol. Samples of PBTTT thin films on OTS-treated substrates were prepared by plasma-treating a quartz substrate with air for 2 min. Then, the substrate was immersed in OTS and anhydrous toluene (volume ratio, 0.10 to 1) for 10 min, heated to 80°C, and subsequently rinsed with toluene to achieve an OTS selfassembled monolayer. The OTS-treated quartz substrates were heated to 80°C in a N 2 glove box to remove the residual solvent. Spin-coating conditions Neat PBTTT thins films were spin-coated from a CB solution (5 mg/ml) or from a 1:1 CB:ODCB solution (5 mg/ml). The heated solution (120°C) was spin-coated first at 1000 rpm for 45 s and then at 3000 rpm for 15 s under ambient conditions. The heated (120°C) PBTTT:F n TCNQ solution was spin-coated at 1000 rpm for 45 s and then at 3000 rpm for 15 s, which leads to the macroscopically uniform thin films with thicknesses in the range of 40 to 60 nm.
Thermal annealing
The neat PBTTT thin films were annealed in a N 2 -filled glove box for 10 min at 180°C and then slowly cooled to 80°C. The thermal annealing conditions for solution-doped films were at 150°C for 10 min in a N 2 -filled glove box. The thickness of the annealed film was approximately in the range of 15 to 40 nm according to atomic force microscopy (AFM; Asylum MFP-3D) measurements.
Vapor-doping process Neat PBTTT thin films were first fabricated using the procedure outlined above. Subsequently, an as-cast or thermal annealed neat film was vapor-doped with F n TCNQ (n = 2 or 4) in a N 2 glove box. Approximately 5 to 10 mg of dopant were placed in a glass jar (Qorpak with a PTFE lined cap; diameter,~5 cm; height,~4.5 cm). The polymer sample was placed underneath the cap (near the center) using doublesided tape. The closed jar was heated on a hotplate set to~210°C. The typical heating times were in the range of 2 to 10 min. This heating process leads to a partial vapor pressure of the dopant in the jar. Successful doping of a PBTTT thin film was confirmed when the film has a nearly transparent appearance (typically achieved after 5 to 10 min for 25-nm PBTTT thin film). Successful doping was confirmed through UV-vis-NIR measurements. The temperature of a sample underneath the cap was measured using a thermocouple while the jar was heated. The sample was around 75°C after 5 min and equilibrates to around 95°C after 30 min.
UV-vis-NIR spectroscopy UV-vis-NIR spectra of thin films on 0.5-mm-thick quartz substrates (1.5 cm × 1.5 cm) were obtained using the Shimadzu UV-3600 UVNir-NIR Spectrometer at the UC (University of California) Santa Barbara Materials Research Laboratory TEMPO Facility. The doped films were placed in a custom-built airtight holder to ensure doping stability. Measurements were taken within a wavelength (l) range of 300 to 2300 nm.
Conductivity and Seebeck measurements
Gold contact layers (~100 nm thick) for electronic conductivity and Seebeck coefficient measurements were thermally evaporated (Angstrom Engineering Amod) onto either neat PBTTT thin films or solutiondoped PBTTT:F n TCNQ (n = 2 or 4) thin films through a shadow mask. Four-point probe conductivity contacts had a channel length of 0.2 mm and a channel width of 1 mm. Seebeck measurement contacts consisted of 1-mm 2 gold pads adjacent to 0.2-mm × 1-mm gold bars. The distance between the gold pads (temperature probes) and gold bars (voltage probes) was 3, 4, and 5 mm apart. A detailed schematic is provided in fig. S9 . Four-point probe conductivity measurements were performed using a custom-designed probe station in a N 2 glove box. Voltage and current measurements were performed using a Keithley 2400 source measure unit and Keithley 6221 precision current source. A constant current was applied to the outer contacts, and the resultant steady-state voltage response was recorded from the inside contacts. The resistance (R; ohms) of the sample was extracted from the slope of the VI sweep using Ohm's law (V = IR).
The Seebeck coefficient (a) measurements were performed in a N 2 glove box using a custom-built setup. A detailed description of the Seebeck coefficient measurement setup can be found in the study of Glaudell et al. (34) . Peltier elements 5 mm apart provided the temperature difference (DT = T H -T C ). A minimal amount of thermal conductive paste was applied to the tips of the thermal couple to ensure good thermal contact between the thermocouple and the gold pads. The measurement system has systematic error of 15% due to thermal anchoring issues. A delay of 100 s was used for voltage measurements to ensure that a steady-state temperature gradient was reached. The Seebeck coefficient was calculated from the slope of a linear fit for the DV versus DT plot. The measurements were taken within an approximate DT of ±3 K around 300 K.
To infer the apparent charge carrier mobility (m), we used the MR (dopant/monomer) values of the vapor-and solution-doped films and assumed that the dopants are fully ionized and all the hole carriers generated contribute to conductivity. Knowing the unit cell of PBTTT, we can calculate the carrier concentration (n). After which, we can calculate the mobility using the equation m = s/(qn), where s is the electronic conductivity and q is the charge (+1).
Synchrotron x-ray scattering 2D GIWAXS images were obtained using beamline 11-3 at SSRL located on the SLAC (Stanford Linear Accelerator Center) National Accelerator Laboratory campus. Thin-film samples for GIWAXS experiments were prepared following the procedures outlined above. The samples were exposed to x-rays with a wavelength of 0.9752 Å, and 2D scattering images were obtained using a MAR345 image plate detector or MarCCD detector, which was placed 400 mm from the sample. A LaB 6 sample was used as a standard for calibration. All samples were placed in a He-filled chamber to reduce air scattering and minimize beam damage to the sample. The reported GIWAXS images were taken at a grazing incident x-ray angle of 0.10 or 0.12, which is above the critical angle of the polymer film and below the critical angle of the silicon substrate.
X-ray specular scattering was collected on beamline 2-1 using the setup with Soller slits and a photomultiplier tube. The incident x-ray energy was 11.5 keV.
RSoXS samples were prepared by directly spin-coating onto the silicon nitride windows following thin-film fabrication process outlined above. RSoXS samples from doped PBTTT thin films on an OTS-treated quartz substrate were prepared by first scribing small square grids using a razor blade. A solution of 15% hydrogen fluoride in deionized water was used to partially etch the oxide layer. The films were then lifted off the substrate by dipping them in deionized water. The pieces of freestanding films were then lifted out of the water using silicon nitride windows.
RSoXS experiments were performed on beamline 11.0.1.2 at the ALS located on the Lawrence Berkeley National Laboratory campus. 2D RSoXS scattering images were collected in transmission mode using a charge-coupled device camera (Princeton Instrument PI-MTE) cooled to −45°C in a high-vacuum chamber (add pressure). The sampleto-detector distance was set to 175 mm. The 2D scattering image was reduced by azimuthal integration over all values of q (scattering vector). After subtraction of the dark image, the Lorentz-corrected profile (I*q 2 versus q) was obtained. The data reduction was performed in Wavemetrics Igor Pro using NIKA macro developed by J. Ilvasky at the Advanced Photon Source (69).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/3/6/e1700434/DC1 fig. S1 . AFM height and phase images of neat annealed PBTTT and F 4 TCNQ vapor-doped films at 5 and 10 min. fig. S2 . Absorption spectra showing the NIR regime for doped PBTTT films and the thermal stability of F 2 TCNQ-doped films. fig. S3 . Additional UV-vis-NIR spectra of F 4 TCNQ vapor-doped films relative to a neat film. fig. S4 . Williamson-Hall plot for neat (black circle) and F 4 TCNQ vapor-doped film. fig. S5 . In-plane scattering profiles of as-cast neat and doped films. fig. S6 . Thin-film thickness profile of neat and vapor-doped PBTTT:F 4 TCNQ film. fig. S7 . Representative 2D RSoXS images for neat PBTTT, F 4 TCNQ vapor-doped, and F 4 TCNQ solution-doped thin films (all thermally annealed). fig. S8 . Lorentz-corrected scattering profiles of neat PBTTT for different annealing temperatures. fig. S9 . Schematic of the geometry of the contacts for electronic conductivity and Seebeck measurements on thin films of doped polymers. table S1. X-ray reflection peaks of annealed PBTTT thin films from GIWAXS. table S2. X-ray reflection peaks of as-cast PBTTT thin films from GIWAXS. table S3. Summary of OCLs for doped films.
